objectives Primary care facilities are increasingly becoming the focal point for distribution of malaria intervention strategies, but physical access to these facilities may limit the extent to which communities can be reached. To investigate the impact of travel time to primary care on the incidence of hospitalized malaria episodes in a rural district in Kenya.
Introduction
Reducing the burden of disease in developing countries is frequently limited by the difficulty of disseminating interventions through weak health care infrastructure. Global political will to improve health in developing countries has coalesced around eight Millennium Development Goals (MDGs), three of which focus on health outcomes, including improving maternal and child survival and reducing the burden of infectious diseases. Realization of these goals depends upon availability of adequate infrastructure, delivery mechanisms, and uptake to achieve the necessary coverage with critical interventions. Although alternative mechanisms are sometimes required, the primary health care system remains the major distribution channel for essential health services and interventions. Therefore, access to primary health care is a crucial factor in effectively reaching those at risk.
Inadequate access to health care is a complex, multidimensional problem (Mamdani & Bangser 2004) . On the supply-side, availability of appropriate interventions such as drugs or vaccines, quality of services, and affordability all affect the uptake of health interventions. Demand-side factors such as acceptability of interventions, health education, and treatment seeking behavior can also affect access (Krause & Sauerborn 2000; Ensor & Cooper 2004) . Physical accessibility plays an important role in the use of health services (Noor et al. 2003; Gething et al. 2004; Mamdani & Bangser 2004; Rosero-Bixby 2004; Bell et al. 2005) . The investment and effort required to access health services including distance or time required to travel, loss of productivity due to time away from work, and availability and cost of transportation are crucial factors in the decision about whether and when to seek treatment.
In Kenya, it is estimated that 40% of the population must travel more than an hour to the nearest primary health care facility (Noor et al. 2006) . Although this is likely to be an obstacle to improving health of communities and delivering interventions, the impact of physical access to health care on disease burden has not been quantified. We focus on physical access as a risk factor for hospitalization with malaria, a disease that can be effectively treated at clinics and dispensaries if diagnosis and drug therapy occurs early in disease progression. We quantify the effect of access to primary health care on the incidence of malaria-related hospital admissions in an endemic area experiencing a high burden of malaria morbidity, and predict how much malaria morbidity could be averted by improving physical access to primary health care services.
Methods

Study area and population
Kilifi district is located on the coast of Kenya. At the time of this study, Kilifi (including Kaloleni, which became a separate district in 2007) had a population of 675 000 people, including approximately 120 000 children between birth and 5 years of age. It is the second poorest district in Kenya (CBS 2003) , comprised mostly of rural fishing and farming communities with the exception of a single town centre of about 41 000 people. Malaria is endemic in Kilifi and transmission is highly seasonal after the long rains in April-June and the short rains in October-November each year. Annual entomological inoculation rates have been estimated to be as high as 60 infectious bites per person per year within the district (Mbogo et al. 1995) . Insecticide-treated net (ITN) coverage was low in the early 1990s (Snow et al. 1992) , but social marketing campaigns increased coverage to an estimated 25% by 2005 (Okiro et al. 2007 ). Sulphadoxinepyrimethamine was the first line treatment in the public health sector during the time of this study and was also available in the retail sector. A survey of treatment seeking behaviour showed that 90% of mothers sought biomedical treatment for their child's febrile illness. Although 50% of fevers were treated only with drugs purchased from shops, mothers who attended clinics more often went to government than private facilities (Molyneux et al. 1999) .
Community surveillance
The study was carried out in a subset of the district that has been under continuous demographic surveillance since 2000. The surveillance area has been described in detail elsewhere (Cowgill et al. 2006) . Briefly, the surveillance area covers nearly 900 km 2 and 240 000 people. Homesteads were mapped using their global positioning system (GPS) coordinates and the vital events (births, deaths, migrations) of all members of each homestead are recorded three times per year.
Health facilities
All public and private health care facilities within the surveillance area were mapped using their GPS coordinates. At the time of the study, the area was served by 25 primary health care facilities, including ten public facilities, 14 private facilities, and one mission facility. Facility staffs were interviewed to determine the availability of ITNs and malaria diagnostic tools (microscopy or rapid immunochromatographic tests) at each health facility. In this analysis, we consider only public health facilities, which officially offer services and anti-malaria drugs to paediatric patients free of charge, although small, informal fees are sometimes collected. Very ill children and those who cannot be treated at the primary health care facility are referred to the sole hospital within the surveillance area, Kilifi District Hospital (KDH).
The outpatient clinic at KDH was excluded from the analysis of primary care facilities for several reasons: people who live close to the hospital use health services more frequently; the socioeconomic status of town dwellers is higher than that of rural communities; and for children in the KDH catchment area access to the hospital and access to a primary care facility are equivalent, possibly complicating the interpretation of the results.
Catchment populations and travel times
Euclidean distances overestimate access to health care, whereas actual travelling times give a more accurate estimate of accessibility (Noor et al. 2006) . Spatial data on health facilities and detailed road networks were digitally compiled. A travel time algorithm, developed in C++ code, was used to define speed differentials along the various road surfaces (Noor et al. 2006) . The spatial position of each health facility was used to calculate the walking time from each child's residence to the facility along the road network. Travel speeds were attenuated (lower than road speed) across Kilifi Creek, which transects the study site. Catchment areas were defined around each health facility based on travel times and every child in the study site was assigned to a health facility by shortest travel time.
Hospital surveillance
KDH is centrally located within the district and serves as the first referral centre for all primary health facilities, both public and private. Approximately 80% of children admitted to KDH are resident in the surveillance area. Clinical examination, demographic details (including homestead GPS coordinates for those resident in the surveillance area), laboratory investigations, discharge diagnoses and outcome are recorded in a central database for each child admitted. A routine blood slide is taken on all admissions and is examined by microscopy for malaria parasites. An episode of clinical malaria is defined as hospitalization with a parasite-positive blood film.
Beginning in April 2002, hospital admissions were linked to the residence records. Here we present 3 years of hospital admissions linked to residency in the surveillance area from April 2002-March 2005.
Analysis
Kenyan National Treatment Guidelines (Ministry of Health Kenya 2006) state that fevers in children <5 years of age should be treated presumptively for malaria. We have restricted our analysis to children under 5 years of age because treatment guidelines are stratified by this age group and because there are very few episodes of hospitalized malaria in children older than five in Kilifi.
Annual incidence is calculated as the ratio of slidepositive or slide-negative admissions to total number of children under-five resident in 10-min increments of travel time to the nearest facility. The denominator includes any child who was resident in the time transect for all or part of a year and did not reach their fifth birthday before the end of the year of observation. The denominator is not adjusted for time at risk due to part-year residency. The 95% confidence intervals are calculated for rates. Total incidence over the surveillance period is the sum of all slide-negative or slide-positive admissions in all years, divided by the sum of the children at risk in each year.
The relationship between hospitalization and travel time to the nearest facility was explored using logistic regression. Mean travel times of those with and without malaria were compared using two-sided t-test. The risk ratio is equal to the cumulative incidence of malaria episodes within a specified distance to the facility divided by the maximum incidence, which was observed in children living >2 h walk from the nearest facility. Protective efficacy is one minus the risk ratio.
Results
Distribution of health facilities and children
Nine government primary health care facilities (dispensaries and health centres, not including the outpatient clinic at Kilifi District Hospital) were located within the surveillance area of Kilifi district. Two additional facilities located outside of the surveillance area had more than 1000 children from the surveillance area within their catchment area (Figure 1 ). All eleven of these facilities were included in the analysis. Only two of these facilities reported having malaria diagnostic tests, indicating that the majority of outpatient malaria was diagnosed based on clinical signs and symptoms. Ten facilities reported providing ITNs at subsidized rates. Between April 2002 and March 2005, an average of 44 452 children <5 years of age were resident within the catchment areas of these facilities. Each facility served between 1064 to 7940 children (mean = 4388 children). The two facilities with only part of their catchment population residing within the surveillance area served 1064 and 3931 children from the surveillance area.
The mean walking time from home to the nearest facility was 73 min. Sixty-eight percent of children lived more than 1 h walk and 13% lived more than 2 h walk from the nearest facility. The average walking time to KDH was 4 h and 43 min.
Hospitalized malaria by distance from primary health facility
During the surveillance period, there were 2203 episodes of hospital admission with malaria parasites amongst under-fives living within the catchment areas of the facilities described above. The average travelling time of malaria admissions to the nearest primary care facility was 80.5 min, significantly higher than that of all children (P < 0.0001).
The incidence of hospitalized malaria increased significantly with walking time to the nearest health facility (P < 0.0001; Figure 2 ). The incidence amongst children living within a 20-min walk to the nearest primary health facility was 11 ⁄ 1000 and increased 2.5-fold in children who lived 2-h walking distance away from a primary health facility. Incidence appeared to fluctuate as walking time increased from 2 h to 2 h 40-min, probably due to the effects of being near the edge of the catchment area, including competition between nearby facilities, possible effects of private clinics not included in the analysis, and small numbers of both children and malaria cases at this distance leading to stochastic fluctuations in incidence. This is apparent in the widening of the confidence intervals with increasing travel time after 2 h.
The incidence of non-malaria admissions also increased with increasing travel time to the nearest primary health care facility (P < 0.0001, Figure 3) . However, the rate of increase was less than for malaria admissions (slope = 2 ⁄ 1000 and 5 ⁄ 1000 respectively) and reached a plateau at 60 min after which it did not increase further. The incidence of malaria admissions was lower than non-malaria admissions close to the primary care facility, but increased steadily with travel time up to 2 h when it reached and maintained the same levels as non-malaria admissions. Protective efficacy of primary health care
The incidence of hospitalized malaria was highest in children who lived more than 2 h away from the nearest primary health facility. If this incidence is considered the expected incidence in the absence of primary care, then 1080 episodes of hospitalized malaria were averted by intervention at the primary health facility during the 3 years of surveillance. This gives a total protective efficacy of 32.9%. The maximum protective efficacy close to the facility is 66%, which decreases with increasing travel time. If all children lived within the target of 1 h walk to the nearest facility, 500 additional cases of hospitalized malaria may have been prevented (Table 1) .
Discussion
Primary health care facilities are the main channel through which key treatment and prevention interventions for malaria are delivered. They are the focal point for community-wide delivery of insecticide treated nets and for effective treatment of clinical malaria (Noor et al. 2007 , United Nations Children's Fund 2007). Our analysis of the spatial distribution of hospitalized malaria with respect to proximity to primary care facilities demonstrates the potential of primary health care to reduce the burden of malaria disease but also shows that lack of physical access to primary care facilities is still an important risk factor for developing life-threatening malaria. Children who live a short distance to the nearest public health facility experience less than half the number of serious malaria episodes compared to those living more than an hour away. Overall, those who are hospitalized with parasitemia have to walk further to receive primary care than their healthy counterparts. The effectiveness of primary care in reducing malaria disease reflects the impact of both early treatment and prevention. It is likely that many families living further from primary care facilities waited longer to seek care in the public sector for their febrile child than those living nearby, leading to an increase in the progression to disease requiring inpatient care. Most of the facilities in the analysis also distribute ITNs at highly subsidized rates. If those children who are close to a facility are more likely to attend, then they are also more likely to have an ITN. Thus, the trend in malaria as a function of travel time to the clinic may be influenced by ITN coverage as well as treatment of clinical cases.
The protective effect of primary care facilities in reducing hospitalized clinical disease was 33%. This estimate reflects the actual reduction in disease burden in a typical rural district facing significant challenges to delivering health care. Evaluating the effectiveness of the primary health care system based on disease burden incorporates many different components of access to health care including physical distance, availability of appropriate medicines, quality of care, treatment seeking patterns, and utilization rates. It provides an integrated measure of overall effectiveness of the available health infrastructure. Importantly, the protection afforded by access to treatment and prevention delivered through imperfect health systems is equivalent to that offered by alternative interventions such as anti-malaria vaccine candidates (Alonso et al. 2004 ) and intermittent preventive treatment (Meremikwu et al. 2008) in carefully controlled efficacy studies. This suggests that improvements in access to primary care have a tremendous potential to increase the effectiveness of existing interventions.
Our results are consistent with other studies which have related the prevalence of infection and odds of progressing to severe disease to access to a health facility. For example, school children in Cote d'Ivoire were less likely to be infected with Plasmodium falciparum in a cross-sectional survey if there was a health care facility in their village (Raso et al. 2005) . In Papua New Guinea, the prevalence of infection was lower across all age groups in those living within a 1 h walk to a health facility compared to those living further away (Mueller et al. 2005) . A case-controlled study in Yemen showed that close proximity (<2 km) to a health facility reduced the odds of progression from mild to severe malaria (Al-Taiar et al. 2008) . Our findings extend these observations by demonstrating that the overall incidence of clinical malaria is a continuous function of access to care.
Non-malaria admissions also declined near the primary care facilities, as would be expected, particularly if the Integrated Management of Childhood Illnesses program was being implemented as it is in Kilifi. Antibiotics, oral rehydration therapy, and routine immunizations, among other things, can all be delivered effectively at the primary care level and prevent hospitalization with acute disease. However, some illnesses cannot be treated at the primary level, and therefore access to primary care may not reduce hospitalization from tuberculosis, neonatal complications, or severe malnutrition, for example. As a result, the incidence of non-malaria admissions was influenced less by Socioeconomic status has been shown in some studies to influence the incidence of clinical malaria, although not the prevalence of infection (Raso et al. 2005) . If risk of infection varies little with wealth, but disease varies considerably (Barat et al. 2004) , variations in disease incidence may reflect events downstream of infection, such as delaying treatment due to affordability or distance from the health facility. If socioeconomic status declines away from the health facility, this may contribute to the direct correlation between the burden of malaria disease and distance from the facility. Although this is a potential confounding factor in interpreting these results, it may also mean that changes in the trend of malaria admissions might reflect a more equitable distribution of treatment access amongst those at risk. In other words, it could be an indicator of the distribution of health services in the community, both geographically and amongst economic groups. It should be noted, however, that Kilifi district is amongst the most impoverished communities in Kenya and gradients of socioeconomic status are not likely to be very pronounced, particularly if the town centre is excluded as has been done for this analysis.
This analysis assumes that malaria transmission is relatively homogenous over the scale of 2 h walk from the clinic. Although it is known that transmission in Kilifi district is heterogeneous (Mbogo et al. 1995; Mwangi et al. 2005) , and that incidence of disease can vary from one homestead to the next (Mackinnon et al. 2005) , averaging incidence over all the health centres is likely to smooth out these small-scale heterogeneities and reveal robust trends. We have not included private facilities or access to treatment in the retail sector in our analysis. Previous work in Kilifi shows that most mothers purchase biomedical treatment in the retail sector first, but more attend public rather than private facilities for their child's fever (Molyneux et al. 1999) . Evaluating the impact of the retail sector may be an important extension of this work, particularly if artemisinin combination therapies become available over-the-counter.
Global targets for malaria prevention, treatment, and disease reduction are unlikely to be achieved without considerable investment in health delivery systems. Our results show that lack of physical access to health care is an important risk factor for developing life-threatening malaria. Alternative strategies for improving community access to malaria treatment and prevention through mass ITN distribution campaigns, home management of fevers, and availability of anti-malarials in the retail sector, are often required in the absence of adequate health systems.
These measures may best be seen as intermediate-term investments required to achieve adequate coverage. The potential for reducing the burden of malaria and other diseases by investing in primary health care systems is considerable and should not be neglected, but rather seen as the long-term objective for improving health and health care.
